1. Introduction. - The transport properties of phonons at low temperatures are by now being studied by the ballistic heat-pulse method [1, 2] concurrently with the more developed steady-state heat conductivity method. Attractive features of the former are the possibilities of selecting the propagation and polarization directions of the phonons, and of generating far from equilibrium distributions. Thus, it has become possible to investigate in more detail than before the interactions of excess phonons with other excitations in crystals including impurity levels, electrons, equilibrium phonons, etc... In particular, heat pulse attenuation measurements [3] led to a direct check of the selection rules for the deformation potential in a semiconductor. The electron-phonon interaction is here developed into a spectroscopic analyzer of high-frequency (101° to 1012 Hz) phonons.
One considers in this work ballistic phonons of rater short wavelengths (typically 100 À) interacting with a degenerate Fermi gas of electrons. In the quantum absorption process, the phonon wavevector q must be smaller than twice the radius kF of the Fermi sphere : q 2 kF (1.1) a condition implied by the conservation of quasimomentum and of energy. It was verified (for emission processes) by X-ray analysis of piezoelectrically amplified acoustic flux [4] in GaAs, and (for absorption) by heat-pulse attenuation measurements [5] on doped InSb and GaSb. The principle of our spectroscopy follows : let a given phonon beam of spectral power density P(q) be transmitted through a slab of a degenerate semiconductor. Up to q = 2 kF the phonons are absorbed by the electrons and substracted from the ballistic beam. By selecting samples of increasing carrier concentration, one gradually scans the whole phonon spectrum. This enables the derivation of the distribution P(q) without any assumption concerning its shape. In this respect, the 2 kF spectroscopy is essentially different than the earlier heat pulse analysis [6, 7] , which both relied on
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an a priori form of the spectrum (e.g. the Planck radiation model), and yielded the power dependence of the mean phonon frequency rather than the true spectrum at a given emission power. On the other hand, the X-ray probe [4] or the spin-phonon spectrometer [8] which were also used to measure phonon distributions, are not readily applicable to transient analysis.
The most commonly used generators of highfrequency phonons are metallic films driven by electrical (or laser) pulses [1] . These incoherent broadband sources are referred to as Joule emitters.
Although they are surpassed in many respects by the newly developed quasi-monochromatic sources they were studied first for convenience.
We performed detailed measurements of the heatpulse attenuation in indium antimonide crystals representing a wide variety of dopings (1014 to 1019 electrons per cm3). Section 2 outlines the elementary theory of the electron-phonon interaction. Heat pulse methods are described in section 3, with emphasis on the generation problem, while section 4 deals with special topics associated with crystalline anisotropy. Fundamental tests of the electron-phonon theory [3, 5] are reviewed in section 5 [9] is centered at k = 0 and isotropic. The Bloch functions are characterized by S-symmetry in the cell-periodic functions Uk and degeneracy with respect to the spin index ±, at least for electron energies e(k) much smaller than the gap (0.23 eV).
One distinguishes two origins of the coupling between lattice deformations and electronic states in III-V semiconductors [10] . The piezoelectric force, which arises from the polarization of the lattice under strain, is most important for the interpretation of ultrasonic attenuation and amplification data. For the phonons of comparatively high energy to be considered here, we will be mainly concerned with the shortranged deformation potential [11] [10] . A numerical estimate [14] of these effects, however, indicates that they should indeed appear beyond the range of electron concentrations considered here (see § 6.1). The simplest way to cope with the electron-electron interactions is to introduce a free-electron dielectric permeability [18] A more sensitive method consists in probing the spectrum emitted into the substrate with resonant scatterers. Thus, the heat-pulse attenuation by the vibronic levels (250 GHz) of V+ + + in A'203 and its power dependence were found to be consistent with the blackbody model [6] . Tunability was achieved thanks to the paramagnetic Fe++ ions in MgO; there, the importance of the interfacial acoustic mismatch in determining Tem was recognized [7] . However, due to the limited accuracy of heat pulse measurements, heavy concentrations of scatterers were taken to obtain sensible attenuation (up to 50 %), thus resulting in a large effective bandwidth of the transmission medium. Besides, by finely monitoring the dichroism of Tm + + ions in SrF2, other workers could preserve the narrow bandwidth of the spinphonon system [8] , and present the phonon densities as a function of the frequency. The data agree well with the blackbody assumption, although direct comparison with others is impossible since the generator was not in intimate contact with the substrate, but rather bonded by glue.
For most experiments, we used bolometric phonon detectors made of superconducting films (Sn, Al) working at their transition temperature [1] . When a frequency discriminator was required (see section 5), the heat pulse signals were detected by superconducting tunnel junctions [2, 26] 1.5 x 1.5 mm2). They were then connected to the electrical circuits by short silver leads (diameter : 0.1 mm) stuck with a suspension of silver powder. The transducers (emitter and detector) has their size minimized because they form through the SiO layer a non-negligible capacitive shunt to the earthed sample. This precaution proved very important in accurate time-of-flight measurements [5, 38] . Finally, the two sides of the sample were separated by an aluminum foil to screen out the initial electromagnetic feedthrough. (i) We do not know of any previous clearcut experimental proof. As we mentioned previously, it has not been possible to reach the deformation potential range with coherently generated phonons. On the other hand, the fitting of OCL and oeor to thermal conductivity data [34] for instance is a rather indirect way to attack this problem.
(ii) It shows that impurities in concentration of up to 6.7 x 1017 cm-3 produce negligible phonon attenuation as, compared to intrinsic (isotope) scatterers.
The same conclusion was reached thanks to a detailed study of the heat conductivity in InSb as a function of the doping and of the compensation [35] . This consideration will be of primary importance in further measurements to follow, where the T pulses will serve as calibrators of the heat-pulse signals. (Fig. 6, inset) figure 6b by the two samples of InSb (n = 1.3 x 1017 cm-') and GaSb
The location of the singularity is moreover in agreement with the theoretical values of n being determined by Hall effect measurements (for a fuller description of this experiment, see ref. [5] ).
Let us remark that in heat-conductivity measurements, where the mean phonon frequency is tuned by varying the temperature, the Fermi-surface cut-off does not usually show [35] , except, to a certain extent, in heavily doped p-type samples [37] . Here Fig. 7 , which is an adaptation of Fig. 1 b) , two phonon windows appear in the absorption spectrum (q « qTF, the screening parameter, and q &#x3E; 2 kF). For sufficiently high concen-, trations, these two groups of phonons will have, on account of chromatic dispersion, distinct velocities of propagation, whose resolution is within the capabilities of heat pulse-techniques [38] . FIG (Fig. 6a) , is readily attributed to the reappearance of the lowfrequency modes and can be accounted for by the screening effects. We remember from figure la that L phonons in the range 0-3 K have free paths which increase with the electron concentration and attain several millimeters when qTF » q. Indeed, the contribution of thèse low-frequency (L.F.) modes to L/T (dashed curve in Fig. 8 where 1 is the sample length and As is the mean free path for the screened electron-phonon interaction given by eq. (2.12). In eq. (6.2), the screening parameter qTF (= 0.62 x 106 cm-' for n = 1017 CM-3) is used as a practical upper limit of integration (let us recall that qTF 2 kF). It will be assumed throughout that PL(q), and similarly the spectrum of transverse phonons, are the same from sample to sample or, in other words, that the dopant impurities introduce no additional scattering by themselves. This assumption should not be understood as an ad hoc simplification of the problem. Rather it is based on the analysis of paragraph 5. 1, which showed the transmission of T phonons to be independent of the doping up to 5 x 1017 cm -3 at least. On the other hand, it is generally accepted that, at a given frequency, L waves are not more sensitive to defect scattering than T waves.
Concerning the LF contribution to the transmitted L pulse, we note from figure 8 that the L bolometer signal decreases as low as 10 % of the original value in a pure sample, which binds the LF contribution to less than those 10 %. It will then be reasonable in a first step to consider the contribution (6.1) alone, with neglect of the LF phonons. The contribution (6.2) will be later introduced as a correction.
The spectral density PL(q) is proportional to the decremental variation of the L total power between two adjacent frequencies. In practice, according to eq. (6. 1), it is given by the derivative :
The result of such a differentiation is represented as a heavy line in figure 8 . No procedure more sophisticated than a graphical determination of the slopes was applied, thanks to the good fitting of the experimental data to a smooth curve.
Starting with this first approximation, a numerical method including eq. (6.1) and (6.2) was developed by using a programmable calculator. Trial forms of PL(q) were entered as data and adjusted so as to give for the transmitted signal the best fit to the experimental points. Thus, choosing the spectral distribution shown as a dashed line leads for the transmitted L signal to a function which, indeed, goes nicely to the LIT data (continuous line). Furthermore, this result is rather safe, for it is fairly sensitive to the shape of the trial distribution.
Apart from providing more accuracy on the wings of the L spectrum, this procedure brings only minor improvement to the much simpler differentiation method described earlier, so that the latter will be preferred in the following. The main advantage of neglecting the LF contribution is to make the electron filter depend only upon kF, which is a universal function of the electron concentration.
To obtain the fit between the theory and the experimental L/T data (Fig. 8) , the calculated transmission curve (continuous line) was lifted by a constant quantity, symbolized by HF in the right corner of the figure, which we attribute to a background of scattered high-frequency phonons (&#x3E; 20 K). The main defence for this assumption -which does not affect the validity of the differentiation method -rests in its smallness (-7 % &#x3E; of the L signal in the undoped crystal). It is also compatible with other evidences as will be discussed in paragraph 7.1.
DEPENDENCE UPON POWER AND DURATION OF
THE INPUT PULSE. - We have determined the spectral distribution of the L heat pulse for several input powers Q in the range 10 to 500 W/cm2 applied to the emitter gold film. The results are reported in the loglog coordinates of figure 9 where, for each Q, the proportionality factor left undetermined by eq. (6.3) was chosen such that the integral spectral power be proportional to the amplitude of the detected L signal in an undoped sample. The [23, 39] [40] , and therefore no frequency discrimination is imparted by bolometric detection.
This conclusion would certainly not hold for much thinner films or for materials having a weaker electronphonon coupling. We undertook the same set of experiments as described in paragraph 6.1 by using pure aluminum bolometers (thickness : 370 A) in which the absorption length is 5 000 A (for 5 K phonons) according to transmission measurements [41] . First of all, the ratio L/T of longitudinal to transverse peak amplitudes (see Fig. 11 Secondly, the detected spectrum, which is the product of the incident energy distribution -recovered in principle with a tin detector -by the response function of aluminum, presents a clear oscillatory structure (Fig. 11, upper curve) [46] . The feeling of the present authors is that so severe a down-conversion of the phonon frequencies is not a necessary assumption, except in dirty materials or at very high phonon intensities. We notice that the high frequency cut-off of our spectra does not follow the variation of the lattice temperature (Fig. 10) . In fact, many observations made with tunnel junctions, including chromatic-dispersion measurements [38] , contradict the idea of a surface thermalization. Let us remark also that, explained on this basis, the slow risetimes of the L and T heat-pulse signals should be equal, which is contrary to experimental evidence. 
